The cytoplasmic precursor of mitochondrial ornithine transcarbamylase (carbamoyl-phosphate:L-ornithine carbamoyltransferase, EC 2.1.3.2) contains an amino-terminal leader peptide of 32 amino acids. Secondary structure and helical-wheel analyses predict that the extreme amino-terminal domain (residues 1-15) forms an a-helix. To test this thesis, leucine residues at positions 2, 5, 8, and 9 were systematically replaced by either helix-breaking glycine residues or by helixpreserving alanine residues. Triple substitutions of glycine for leucine in positions 2, 5, and 9 or 5, 8, and 9 abolished the uptake of the rat precursor by intact mitochondria, whereas similar alanine substitutions had much less effect. Theoretical computations predicted that the decreased helical stability of the Gly-5,8,9 substitution could be significantly increased by replacing a serine in position with phenylalanine. The introduction of Phe-3, indeed, restored the mitochondrial uptake of the mutant precursor. These results lend strong support to the hypothesis that an a-helix is present at the leader's amino terminus during the import of the precursor by mitochondria. Although the precursors with the triply-substituted leaders were impaired with respect to import, they were still cleaved readily by a protease found in a mitochondrial matrix fraction. Substitution of glycine or alanine for all four leucine residues, however, rendered the leader uncleavable at the carboxylterminal cleavage site. These results suggest that the structure of the amino-terminal domain is important for recognition of the carboxyl-terminal cleavage sites by the matrix proteases.
Ornithine transcarbamylase (OTC) is translated on cytoplasmic polysomes as a precursor (pOTC) (1, 2) with an aminoterminal leader peptide (3) of 32 amino acids. The precursor is imported into mitochondria by translocation across both mitochondrial membranes. During import, it is cleaved to an intermediate (iOTC) and then to its mature size by two matrix proteases (4) (5) (6) . Examination of the primary sequences of pOTC from three mammalian species, namely man (7), rat (8) , and mouse (9) , revealed that while the amino acid sequences of the mature OTC subunit are highly conserved (-93% homology), the OTC leader sequences are only -60% homologous. Apparently, there has been a high degree of selective pressure to maintain the sequences required for the catalytic function, while the mitochondrial import mechanism tolerates a much higher degree of divergence. Comparison of the three primary sequences of the OTC leader shows that its amino-terminal half is significantly more conserved than is its carboxyl-terminal half. In fact, the only continuous stretch of conserved amino acids are the first 10 residues at the extreme amino terminus. With the exception of position 3, this region is identical in the three species. Interestingly, this region of the leader is neither sufficient nor absolutely necessary to direct OTC to mitochondria. When artificial constructs of the human or rat pOTCs, containing only the first 16 amino-terminal residues, were joined with the respective mature subunit, they failed to be imported into rat mitochondria (10) (J.P.K., unpublished data). Further, a human OTC deletion construct lacking residues 2-12 was taken up by rat mitochondria and cleaved, albeit with much reduced efficiency (11) . On the other hand, a construct containing the first 21 residues of rat pOTC directed OTC to mitochondria (12) . Although these previous results have failed to demonstrate that the most amino-terminal region of the human OTC leader is as critical as homologous regions of yeast leaders have been reported to be (13, 14) , we will present evidence that a proper secondary structure of this region is, nonetheless, important for both uptake of the rat pOTC and, unexpectedly, for proper cleavage at its carboxylterminal end.
MATERIALS AND METHODS
Mutagenesis. For mutations in positions 2 and/or 5 of the leader sequence, double-stranded oligonucleotide cassettes (22-mers) were synthesized with appropriately changed codons and ligated into pGEM-OTC (5) cut with Xba I and Bam HI endonucleases. Similarly, mutant constructs with substitutions in positions 8 and/or 9 were prepared by inserting double-stranded oligonucleotide segments (42-mers) into pGEM-OTC cut at unique BamHI and Nco I sites in the leader. The constructs were subsequently sequenced by the method of Sanger et al. (15) to ensure that the desired changes were made.
In Vitro Transcription and Translation. For transcription from the phage SP6 promoter, the plasmid DNA was linearized with Hha I downstream from the phage T7 promoter. Linearized plasmid DNA was then transcribed as described (5) . Aliquots of the transcription mixture were used directly in translation reactions. Cell-free translation was carried out in a nuclease-treated reticulocyte lysate system prepared as described (16) .
Mitochondrial Import and Matrix Cleavage Assays. Mitochondria were isolated from rat liver (4) and diluted with 220 mM mannitol/70 mM sucrose/2 mM Hepes (pH 7.4) to 10 mg/ml of protein. For (4) , equal volumes of the translation products and 100,000 x g supernatant of reticulocyte lysate were mixed and supplemented with ZnCl2 (0.1 mM) and matrix protein (2 mg/ml), and the mixture was incubated at 270C for 1 hr. All products were then immunoprecipitated with anti-rat OTC antiserum and analyzed by sodium dodecyl sulfate/PAGE as described (3) . Fluorograms of the immunoprecipitated products were scanned with a Beckman DU-8 spectrophotometer. Peaks corresponding to OTC species were integrated and summed. Each result is an average of at least two experiments.
Methods of Computation. The amino acid sequences were aligned, and cumulative profiles of hydrophobicity, charge, and secondary-structure propensities were computed from the tabulated amino acid residue values as described (17) . The helical wheel method (18) was also used to make final assignments of a-helical structure.
Theoretical estimates of a-helical stability were calculated as described by Krigbaum and Komoriya (19) either in the human or mouse sequence), reverse turn propensity (T), a-helix (thin line) and 3-sheet (heavy line) propensities (J3, a), and hydrophobicity (HB). Putative a-helical segments are represented by horizontal boxes below the panel. (Fig. 2C ). There were no significant differences in the amounts of uncleaved pOTC between the glycine-and alanine-substituted precursors at any set of positions or between the doubly and triply substituted leaders or in the ratios of iOTC to mature OTC. It should be mentioned that, when using the matrix protease fraction, more iOTC is normally observed than in assays using intact mitochondria (5) . Surprisingly, as seen in lane 11, the pOTC with glycines in positions 5, 8, and 9 (i.e., the species that was not imported by intact mitochondria) was readily cleaved by the matrix protease.
However, replacement of all four amino-terminal leucine residues by glycine or alanine rendered the pOTC uncleavable at the carboxyl end of the leader peptide. This result suggests that, in addition to residues in close proximity to the first cleavage site at position 24, which are critical for the proper proteolysis of the leader (5), the structure of the amino-terminal portion of the leader is involved in recognition of the cleavage sites by the matrix protease(s).
Differential Effect ofthe Mutations on Mitochondrial Import and Proteolytic Cleavage. In interpreting the functional changes induced by the various combinations of mutated residues, it is important to distinguish between the transport function and the cleavage function, because changes in these two parameters show distinctly different trends as the number of mutations introduced is varied. The fluorograms shown in Fig. 2 were scanned densitometrically, and two plots were generated. Data from the first plot (Fig. 3A) summarizes the results obtained with intact mitochondria. The percentage of pOTC that was not imported was plotted against the number of leucines replaced with either glycine or alanine. Note the sigmoid shape of the glycine curve (dashed line). Increasing the number of glycine residues affected the transport function in a fashion reminiscent of a-helix unfolding, which typically displays sigmqidal cooperative behavior. Unlike glycine, whose a-helical propensity (Pa = 0.57) is very low, alanine (Pa = 1.42) decreased the transport efficiency linearly, and to a lesser extent.
The situation was quite different when the cleavage function of the mutant precursors was evaluated (Fig. 3B ). There are two major differences compared to the previous figure. First, the effect of glycine and alanine substitutions was essentially the same and showed cooperative behavior in both cases; that is, until a total of four alanine or glycine substitutions was accumulated, the function was only marginally affected. Second, the structural effect of these substitutions was less pronounced in this case because, for example, accumulation of three glycine mutations resulted in only 34% change from wild-type, compared to .=90% when the transport function was assayed.
Correlation of Helix Stability with Import of Precursors. We have computed the stabilities ofthe amino-terminal helices of the wild-type and the glycine-substituted OTC leaders and have compared them with experimental data. Fig. 4 shows very good agreement between the theoretical and experimental curves, suggesting a direct relationship between increasing destabilization of the helix by the introduced glycine Substitutions, no. Substitutions, no.
FIG. 4. Comparison of theoretical and experimental data. Inhibition of import of pOTC with an increasing number of glycinefor-leucine substitutions in positions 2, 5, 8, and 9 (from Fig. 3A ) was compared to the theoretical curve showing decreasing helical stability of the leader sequence with the number ofglycine substitutions. See Materials and Methods for computation of a-helical stability. Essentially, and in direct analogy to the Gibbs free energy of a-helix folding, negative values signify stable helices, whereas positive values characterize sequences with no a-helical tendency.
residues and increasing inability of the modified pOTC to be imported.
By using the formula for calculation of a-helical stability, a value of -1717 was calculated for the relative stability for the wild-type rat OTC leader and a value of +276 for Gly-5,8,9-substituted sequence, indicating greater stability of the wild-type leader. We have also calculated helical stabilities for another mitochondrial leader sequence-namely, that of the p-subunit of rat propionyl-CoA carboxylase (,BPCC) (residues 1-15) (20) . Values of -4,316 and -3,220
were obtained for wild-type 8PCC and a Gly-3,7,10 substituted 8PCC leader, respectively. Consistent with these values was the observation that import of Gly-5,8,9-substituted pOTC into intact mitochondria was abolished ( Fig. 2A) , while the Gly-3,7,10-substituted PPCC leader, which retains its helical stability, was imported as efficiently as wild-type 8PCC (result not shown).
Restoration of Function by an Additional Mutation. Using the formula, we predicted that the introduction of a phenylalanine residue at position 3 of the rat [Gly5'89]0TC (replacing serine; phenylalanine is present in this position in the human pOTC, Fig. 1 ) should partially restore its helical stability (from +276 to -799). As shown in Fig. 5 , intact mitochondria do, indeed, import and cleave this "repaired" mutant and, once again, mature OTC can be observed in mitochondria. All imported species were protected from externally added trypsin (not shown). This additional support to the notion that an amino-terminal helix is critical for uptake of pOTC by intact mitochondria.
DISCUSSION
Secondary structure and hydrophobicity profiles of OTC leader sequences have suggested two helical segments between residues 1-15 and 20-26 connected by a p-turn (residues [16] [17] [18] [19] . Helical wheel analyses have supported these a-helix assignments. Thus, a plausible structural model of the OTC leader sequence might be that of two a-helices packed face to face and connected by a short turn. Another possibility might be a single, long a-helix with segments of greater and lesser stability. Recently, we have proposed a similar secondary structure for another leader peptide with a different primary sequence-namely, that of the p-subunit of propionyl-CoA carboxylase (20) .
We decided to test for the presence of amino-terminal helical segment in pOTC functionally by systematic replacement of four leucine residues in the expected hydrophobic face of the putative a-helix. When the leucines were replaced with an increasing number of helix-breaking glycines, import of pOTC to mitochondria was impaired in a fashion reminiscent of a-helix unfolding. In contrast, introduction of helixpreserving alanines had much less effect. The increasing inhibition ofimport of OTC by gradual introduction ofglycine residues closely parallels the theoretically computed increase in a-helix destabilization. Subsequent partial restoration of helical stability by an additional mutation (phenylalanine for serine in position 3) led to a dramatic increase in import of the [Gly5'8'9]pOTC. These results support the secondary structure analyses predicting an amino-terminal a-helix in pOTC and show its importance for the transport phase of pOTC internalization by mitochondria. The amino acid substitutions used to disrupt or preserve the amino-terminal a-helix also lead to a general decrease of hydrophobicity of this region (Leu > Ala >> Gly). The total hydrophobicity (21) of the amino-terminal segment of the leader (residues 1-15) with the three glycine-for-leucine substitutions changes only -1.4 times-from 21 for the wild-type to 14.8 for the Gly-5,8,9-substituted leader. Moreover, the additional substitution of phenylalanine for serine, which leads to a dramatic suppression of the mutant phenotype, increases the total hydrophobicity only to a value of 17.7. Thus, the hydrophobicity of the substituted leaders varies over a much narrower range than does the helicity and appears to provide less value in predicting the translocation and cleavage behavior of the mutant leaders.
In contrast to its effect on transport, introduction of three glycines (predicted to have a dramatically reduced a-helical stability), resulted in only a 34% change from wild-type in the amount of pOTC cleaved by a matrix fraction. On the other hand, replacement of all leucine residues with helixpreserving alanines led to complete inhibition of cleavage. These two results may be interpreted to mean that an amino-terminal helix is neither necessary nor sufficient for proper proteolysis of the leader peptide. Similar results were obtained by Hurt et al. (22) , who showed that small aminoterminal deletion of residues 2-5 of yeast cytochrome c oxidase subunit IV precursor abolished proteolytic removal of the leader.
Because the effects of particular amino acid substitutions in the OTC leader peptide are different with respect to transport and cleavage, it is reasonable to suggest that the three-dimensional structure of the leader peptide is different in these two situations. Thus, because the p-strand propensity values of alanine and glycine are comparable to each other (0.83 and 0.74, respectively) and very different from that of leucine (PP = 1.3), it is tempting to speculate that the structure of the leader peptide during cleavage contains more Proc. Natl. Acad. Sci. USA 85 (1988) 8909 ,p-strand than when it is transported across the membrane. It is of interest that P-strand propensity of leucine (PB = 1.3) is comparable to its a-helical propensity value of 1.21 and, thus, leucine is compatible with both a-helix or 8-strand structures. It is possible that, during cleavage, the leader peptide occurs in a more polar environment than during the transport phase and, consequently, it refolds from an a-helical conformation (which predominates during the transmembrane transport) into a structural form with a greater amount of p8-strand. Physical measurements by Briggs et al. (23) (25) .
In conclusion, we have shown that pOTC requires an amino-terminal helix for mitochondrial targeting and that, unexpectedly, the structure of the amino-terminal domain is important for recognition of the carboxyl-terminal cleavage sites by the matrix proteases.
